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governed by the wave equatio; the shell response is determined by using classical
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introduction of structural damping did result in improved transmission I ss properties
for th-i double shell.

Finallv, it sho'ild be pointed out that greatly improved transmission loss
properties can be expected for the double shell construction by choosing the ap-
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JAbstract

Acoustic radiation characeristics are :-'trnined for a double

shell structure, consisting of two circular cylindrical sheils seoarated

by, and immersed in. an acoustic medium.

The fluid is assumed to be inviscid and cororessib'e and its

motion is governed by the wave equation; the shell resnonse is determined

by using classical shell theory. Ccuoiing of these equations arise from

two interface conditions,. namely: (1) the fluid oressure is exerted on

the shell, and. (2) the radial fluid and shell velocitic., are equal.

The results indicate that in ,-ertain regions of the freauency

.atio (" L. the pressure in the outer fluid at the interflace was somewhat

greater for te double shell than for the single shell. However, the

infinite response at the nonradiating frequency h = no longer was

oresent for the double shell. Furthermore. the introduction of structural

darming did result in improved transmission loss -rooertics for the

double shell.

Finally, it should be pointed out that greatiy imiroved trans-

mission loss properties can be expected for th- doub!e shell construction

'. by choosig the appropriate combination of materials for the inner and

outer shell.. Such a parametric study will be forthcoming in the future.
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List ot Sy-bols

V.,v,w = nonoic-ensional disolacenents : - a al, circLmferential.

and radial directions resnectivvly.

r = nondimensioial axial, circLrfer.ntiai, and racial coordinates

respectivelv

= fluid velocity potential.

V = radial ac;iustic velocity.
r

S = radial acoustic oressure.

Cs = mass density of the flui a sd shell resoectively.

c,c - velocity of sound in the fli- an shell resoectively.

a,b radijs of the outer and inner hdl res ,ectively.

P. = aolitude of the internal oresurc- o.= co n cos - e
II L

p - the total external oressbre acting

on the shell.

(1) (2)
H H = ankel functions of nth order of the f;rst and second kindsn n

resoectively.

Kn modified Bessel functions.

= angular frequency

E = e!astic r ,dulus of shell.s

n = ci,-caferential wave number.

- nondimensional half-wavelength.

UVW nondhmensional amplit,,des of the corresoonding disclacements.

= nondimensional time (-=ct/a)

h = thickness of the shell.

Wstatic = nondimensional static radial displacement of the shell.

Wtatic - nondimensional amplitude of the static radial disDlacement

of the shell.



= Poisson's rat-o.

* a = coefficient ofl structu.-al dam. ing.

r . = iefers to the inner or otiter -heil I rI fiLi. rv-se-tively.
1,0



iINTRGDUCT IOtN

The tavy has long been interested in obtai iHo accurate infor-ation

on the transmission of sound through water. Such knowledge is useful in

designing sonar gear for echo ranging, as wrell as in Providing data which is

helbful in determining the choice oF submarine tactics.

During World War II a large amount of information was obtained on the

propagation of underwater sound (1 ) . Sice that Period, the research effort

has continued unabated, and has been ;nstrumental in develooinq a more silent

submarine, tnat is, one for which the transmission los; of the vehicle's noise

is large. Typical noise reduction techniques irclude dynamic absorbers and

isolators to reduce machinery induced vibratiors, qtreamlining the hull so

as to minimize flow noises, corrective propulsion designs to reduce cavitation

and prevent "singing" propellers, acoustic filters for pumps, and structural

damping treatment to reduce hull vibrations.

In particular, during the last decade or twn, P series of theorctical

investigations(2Y3'4, ,6'5have been carried out in 'hich the radiation due to

hull vibration has been analyzed. The oresen,. stt,,, :; a continuation of

this effort to obtain a bas'c understanding of the radiation characteristics

of structures. Of prime interest is the transmission loss characteristics

of a double hull construction, includirg the effect of structural damping.

-..
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Theory

PART I. SINGLE SHELL

A. Basic Equations

Consider the response of a circular cylindrica. shell acted upon
-.x iatr

by an internal pressure, p P cos nqcos -e and subrierged in

a fluid which is assumed to be compressible and inviscid. (see Fig. 1)

The motion of the shell is described by the following nondimens:-

onal Donnell shell equations.
(7 1

h2 2 2 217' * + Z ,I - .v - - a(1-V 2 )  1) + (1-', c - *1 ( (a

2 c -2
12a x hE s Ir

__u + (1l-v) .2 +( __--~L a(1 - 22 u + 0u + 0( + v ) ; 2 v _ V ~ w +X

S 2 2 x6x hE

S2 -2
I (1-v C :u (1lb)

2v (I - N) ? 2 v (1 + v) i2 u w a(1 - v

2 2 O2 2 xae e hE
s

2 2 52v (ic) '

s 2

where u, v, w are the nondimensional components of the displacement, x
is the nondimensional axial coordinate, T( = ct) is the nondimensional

a

time, and c and c is the velocity of sound in the fluid and shell

respectively. p, X, ' are the external forces actin on the shell

per unit area in the radial, axial, and circumferential directions,

respectively. All length dimensions are nondimensionalized with respect



to the shell radius a.

The governing fluid field equation car be expressed as

... _ '*(2

2 (2)

and the corresponding radizted radial velocity and Pressure are

v = (3)
r a .r

and
DC A.,

r a 7.-(

Thus the total pressure acting on the shell surface can be written as

P - Pi +r

which is the sum of the internal and radiated pressures.

Since the fluid velocity and the shell velocity are equal at the

interface,

c r ec r r=

B. Solution

Solutions are assumed oF the form
-X i~c

u = U cos n e sin -- e

TIx iQ'
v = V sin n 9 cos - e (7)

LS=Wcos n 9 cos -e

-x i2T
(P R(r) cos r. cos j--- e



Fron Eq. (2) one obtains the foiloc*:ing differential

eq iat ion:

2

d R(rl I dR(rl 2
(--."R .ri,  0

7 r dr 2 )

dr- r

where k = /-2 (2 (9)

The solution of Fq. (8) which .atisfies the radiation

condition (4 ) can be exDressed as

R I-) = A F (r) (10
n

/ (21
where "H (kr , i f >-

n L

F(rl ="r -n if n a1(

gi 1 ' r) , if <4-
n" L

i (-.2 -,

and = = - (121L

The interface condition (5) yields

n
F (1) (13'

where F i - = ' Id r r=

Substituting Eqs. (5) und (7) into Eq. (1), and letting X = = 0,

then results in the following displacement expressions

2 P

hE ., 2) 2) C2 2) (K7
1 2 ( "

h2 2N 2 U)2),- 2 ' (15),
h~s  I,2  , 2;..q2 _,j:/( 2_ + K

3

The solution For n = 0 does not satisfy the radijtion condition. Also
the total kinetic energy in the medium for n = 0,1 for these cases is
not finite (see Ref. 4).
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W= - 2~
hE 2 2 2 2 2 (161s (GO (C t -, 2 3 K-

2' 2(3
(I+ 03 2_

(, 3(1~ -,, ( -, ( * ')2(1 .2)
w here n 2. n 2;- L c7

2 L L c17S

2 + 2 -n 2 (1 -) c 2 2 3)

SS [( - (  -2(:.212 3 9
'1 2C) 2 2 cn22F')V] 3)

SS4 2 n  +
2 L c nL

SS

((,2_ K2n (2) (2 2

(1 -2 ,H2 (2)cl (h0 .. - . . .f rc-

e(_L )2(an a, n n .k) s
k c (h (2') (k)- (2)

n-I kn (kLn

i-2 (Ca(1 ')2 - LI (1

_2 (.t) (-2(_S

(1-X 2 c'2a)[ - (-: (c/ fo ir (221

K os 2 (20)

lengt L an nuLrn

The zmpfltude of the static deflection, Wstt obtained by

letting 0 -+ 0, is

(I (- v T) 2 2

Wa( - 2)P 2 L~' (21')
~static - 5lx " 23

Finally, from Eq.(4 1, the radiated pressure is

o c22 2 a (r) P
=r O c h

-f2W )Q 2 + Cos nO Cos - e
2 3
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C. Limiting Case. Pure 8reath;.ig Mode (n = O,L -

Considering that the radial displacement is independent of

the spatial coordinates, and neglecting the axial inertia term,

Eqs. (lb) and (1c) result in

u = vw (23)
57x

ana v = 0 (24)

while equation (la) yields

(c)2 d2w +w = a p (25)
s dT 2  hE s

For this case then

w - e ( 0 C 2 2 H o ( 2 ) 0 ) 
( 2 6 )

static I - c h2( "s s s H1 ( )

ap,

where Wstatic hE (27)
S



DART . DOUBLE SHELL

A. Basic Fquations

Consider two concentric circular cylindrical shells separated

by, and, immersed in an acoustic medium. An internal oressure,

- -x i'.-r
= p. cos ne cos -e acts on thie inner shell as illustrated in

Fig. 2

Since al; length dimensions are noqdi.ensionalized with resoect

to the outer shell radius a, the Donnell equations describing the

motion of the inner shell of radius b are

h2 Iv. :u b(l - 2)D
h.b 4  +r) (-) -n - %) .=

12a2 a F i b 0 x ____ES.

2w .2) _ _L) 2 b a2 w

(1- a 2 _ (28a)
s i "'-

22 2U. (I - v ' 2 ., u. ( + v. j a v.i v. , ..,
uI + 2 + _ ,- , a , a - I

xb2 2,x .e b x

,2 0
0 2 (_._) u. a (l-v i:)= (1 -- 2 x__ )

- c s 2 F WE s (28b)

2))2,2 2
Cs.2~. ,. 2b

III, _Vi  0I - v)2v (i+v) 22u - a2Wi c22v

(8)2 -i + ( a i a) (_2
b 2 2 2 . . .b 0 T G - -v)(

I S.

The interface condition at the inner shell is expcessed as,

- ac r r= b/a



while at the surface of the outer shell the radial velocities of the

separating fluid, the outer surroundinq fluid, and the shell are all

equal. Thus

0 1 o0 1 "(i !.0)
- ac r -1 ac r r= 1

where the subscripts o and i refer to the outer and inner she] is, and Zo

the surrounding and se!arating fluids respectively.

B. Solution

Solutions are aqain assured of the form of Fas.(7) for both the

inner and outer shells and fluids.

The solution of Eq.(8) then yields for the outer fluid

R (r) = B F(r) (31)

where Hn  kr) , if

F(r) = I rn , if .:=-(32
n L

Fzr) r if Tr~

and for the inner fluid

R. (r) = Cn G(r) + Dn F(r) (33)

where i (1kr) i f : > L
n "

G(r) = r if (34)

r, if -

For the outer fluid, no steady-state solution for - and n = 0,1
exists (see footnote pg.4 ).L



From irterface conditions ;29 and 130

acil.

n FrfO ,

aci.[W. - W F (2/. l
0F (11

n -* (bia"Z (l/ _ G,(l, ,(b/a)

aci[W. -w F: (b/all G' 0Ii.'W ac 0

and Dn = FI G I ( F' 1) f371

Substituting Eqs. (5) and (7) into Eqs. (1) and .28, and

letting X = = , then results in the followinq di.-lac--wents for

the inrer and outer shells
,2

-2 2% 2~ ~ 3

2[

b(F II -ha(!/i - F''b/al. , 1: 39

( ,/.2 c . / 1 - -T II .(/
W. 2 2 2_ 2 a 2 - (

h2E TU."- ) , (+ 'l--ci "
0. i 3 " o s,

Is ( l s C) a ho 0 !-"2%: i

0 M22 2 I,2! 23) , (" ) ,( c 8 2 _.,2) -,
0 1 02 0 so s 0 F 'i

where 1 is obtained from = by replacing n by n in Eq.(19, *.rd

A = G'(I) F(1) - F'(l) G )

G' (b/a F' (I) - G' (1) F' (b/a)

2 F' (l)G(b/a) - G (I) F(b/a) )1
2 = G (b/a) F' (1) - G' (I F' tb/a)
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One could find W and W. by solving Eqs. (38) and (39)

simultaneously, and substituting Eqs. (32) and (34)

Again, for convenience it is desirable to nondimensionalize

the -hell displacement with respect to the static radial displacement

of the shell. in order to determine this displaceme,t, it is required

to know the charge in the Dressure of the enclosed fluid, which, of

course, is a function of the change of the volume contained between

the two shells. This volume change may be expressed as:

2L 2- 2 2L 2- 2
AVJ= w a dadx - i w.b dedx

-0 0o o

'lowever, the harmonic form of the disDlacement functions results

in the vanishing of the above inteqrals except for the limiting case

n = o, L , which describes the plane breathing mode. Thus in the

static case the fluid pressure of both the separating and surrounding

flu'ids vanishes, and therefore lettino q = 0 in Eqs. (38) and (39)

results in

W =0 (42)
°static

2,
b(-v) (1- ) 22

W. + 'L+ (n . (43 )
static i s. 123

Finally, the inner and outer fluid pressures are, from Eq. 4,

W W , " [G"(1 F(r)-F' (I G(r)]

2,2 iCF' (I)G(r)-G' (1)F(r)) + F " , ___ ,_._,_ . .. .. +
ri G' (b/a) F' I'  G' (I)F (b/a)+

+ F() OS nO cos -e

and



II

2 .2 Wo F(r)co nx ios,:e(45

Pro cc F, (I )_ cos n;4 :os - e (5Pro =  c F'(1)L

C. Limiting Case: P,,re Breathinq Mode (n = 0 , L -

The axisywnretric, axiallb, independent equation of motion

yields for the outer shell

c2 d2 w  a 4. a

- W[2-c2 ( r ) -- (r=(6
c 2 *a a d a a A]s eh t

0 0 s
0

and for the inner shell

2L) 2 ,+wO
- b !2 (c ) 2 d~ w. b2  ir 0c '

a c d 2  i ah.E [ -p.e + a '* (r = b/a)] (471
I I

The solution of Eqs.(46) and (47) is

b l 2 2 , 2 , .4 . (H 2 )[b(l -. P. + L.( - )Oc J(H (.b/a)-i

W. T2 o
--- - I

I H (D

-. iH (Ib/a)W][ (c2( 1 ) w,2.2]2 (4I

2_2 ba1 22 c2
K E w+( a h c]J c,I S. S. S.

and I I I

"(s )(c/cs 2(" a/h 2 - 2 (Z. 0 ) - 22 (49)
: o )) ]W

0t-2_ 2 0/ 2 20 2 HI C 2  2 2
0 0 0 H (2 s)
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(2) ( '1, H H Hwhere ( = 5 (.° H I (50)

H iUh/a) H H 7 H' (-:bla)

H ! : H ( 1 ( I (2 )"
; = , (. I o (:: /a) - ii ('1 %) :.bla) ( l( 1

2 I(2) _ (2 ) (51)
H( l"' 11 o (2!) - H I (. -, ~:b /a

Solvi:,j Ens. n:B) dod "49' one ol-t-. r, the amolitudes of the

radial displacement- of the inner and outer -hells, respectively.

For this case th., static pressure of the seDarating fluid is

(b/a W. W
2 2c" static - °static .

Static C c V - ib/a 2 -

6uL equilib iui of h- inner and outer shells demands that

h. 2
P.-= E (--L (2 W. (-3)~t't i s. a static

and
hP - (-L)w ;54

st at i. s 0 a st i

and thus, it can e~sil , be shown that

P.

0static h h h. 2 r1 c 2 s h ,
s (-.2 . (-2) ()(a "(2 --- (- ) 0 A;5

s .a a h nb 2 c a b a b)
o I C

and
I-.

static h h. 2 b - h -

E (-) L a)+ E ( V )2() (-)/( ) ) (1 0 1+) 2
S. + h s a a c c aa1s. a 0

4,,
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The expressins for the radiated pressures become

(2

fWH(2) -H (I /-r) -:i ( t,(2 )H(}) I , 14 ( f

ri i.

FH 0)(-)H (2.r 'H () H I r
II o

a~ (..2.o/a)H () (2) (-b/a)

H (Gr) (57 "
(21 ', 7 - :.cos n -cos -c-c e.. -

a nc
2o o -X i.".'r

C --T--cos ne cos -e (58
o Hi LI

Structural dam)Ding is introduced into the analysis simply

by replacing the modulus of ela;ticity Es by the complex modulus

Es E (1+ig) where q is called the cefficient of structural damDing.
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')i 'cusSii.)n

'alculatiois were )erforjed at the 0oiytechnic Inst'tute of

Broklyn on the IBM 360 .igital Corout: .

The re,u't foi a singi- -- sil !l ;ixnersed in sea water are

shown ir Figs..3. 4. 5. and 6 'or a bioyzncy factor of two (oai sh 4).

i.e., for a ratio of 0.-.- or the displaced water to the shell mass

of 2. These result- are identical to those obtained by Bleich and Baron
(3 )

who exDressea the reso)nses in terms 31 the in vacuo modes, and thus their

significance i.All btt bri,,'*l. :)e disctssed. It is observed that a non-

radiating free vi.orational mode exists for the submerged shell at a

frequency -',- i For -- r.on-radiatinq modes are nonexistent, and

the fluid acts a-. a damping inechinism. This is illustrated by the peak

resoonses that occur in the vicinity of the in vacuo shell frequencies,

which is typical to. -- lamped -,-tem. At f-equencies lying between the

in /acuo frequencies. the r,,d,al shell dis. Iacement and fluid pressure

vanish, thus inoicating that a these freQuencies the longitudinal and

circumferential modes of the shell act as dynamic damoers. Finally, as

was pointed out (3  the dislacements and :)ressures are in phase with the

applied force for - and t'hierefore no energy is imparted into the fluid.

thus resulting in the non-radiating re,,aonse. When -/L, the resoonse

is radicdlly diflerent: the disolacemcnts ,jnd pressures are not in phase

with the aoplied %r.-e. thereb, resulting in energy being radiated into

the fluid.

These resu'ts hav ben exterded to include the effects of

structural damoina IDOr the response. It is seen in Figs. 3, 4, 5, and 6
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that the neak resc,nse %re siqnificantl reduced as a conseauencr- of

the inclusion of tc- ,t urtu l dipninq into' tl'e n4nalysis and that these

neak resnonses decre:.-s as the struct,,ral dpmninq constant g increae,-.

Result' of..red lor the c,.se of the tw' corc."intric shells

sena-"ted by an ACOL'tiC fluid are sho,-n in Fiqs. 7 through 14. It

is seen that the non--- Jiati"g mode, which for the single shell is to he

found at a frequency ' - ., it lontjer exi;ts for the double shell con-

struction. The multi neaKed r,-sponse vwF-icih occurs in all of these fiqures

indicate< that the w.naratinq luid has the efFect of making the concc °

tric spell structure into a-i ir.inite nuiber of degrees of freedom sye. -n

(six, if one wcre to i-zume an -rcompres iblc separating fluid) for eich

value of n and I W hile for th, sinale ;hell, in qrneral, three ;n vacuo

natural frequen ie-, are nre,ent, for the concentric shell structure an

infinite number tf frequiencie, are obtained. Thus in certain -eqion,.

the niessure in the outer iluS -t tl interface is somewhat greater

for the double -hvl tlan f,'.r the sinqle -hell. However, the infinite

reesonqe at -'I no lonqer i' rre-,ent for the double shell, and the Pressure

ratio 4rops to a)out 0.7 'or n - 0, 1 - 4 (Fig. 9) and to the relatively

large value of 22.6 when n = 2, L = 4 (Fig. 13). The low pressure

occuring in the former case is b conseqdence of the noncoincidence of

the frequency of the non-radiating free vibrational mode and that of

the lowest in vacuo mode of the concentric shell.

Finally it has been demot'trated that the introduction of

structural damping rrsults in inproved transmission loss properties for

the double shell.



1-;

References

1. "Physics of Sound in the Sea" , Surmary Technical Report rf Division 6,
NDRC Vol. 8, Washington D.C., 1946.

2. Junger, M. C.,"Dynamic Behavior of Reinforced Cylindrical Shells in a
Vacuum and in a Fluid", J. Appl. Mech., Vol. 21, 1954, p. 35-41.

3. Junger, M. C., "ThP Physical Interpretation of the Expression for an
Outgoing Wave in Clindrical Coordinates", J. Acoust. Soc. Amer.,
Vol. 25, 1953, D. 40-47.

4. Bleich, H. H. and Baron, M. L., "Free and Forced Vibrations of an

Infinitely Long Cylindrical Shell in an Inf;nite Acoustic Medium",

J. Appl. Mech. Vol. 21, 1954, p. 167-177.

5. Skudrzyk, E. J., "Vibration and Sound Radiation of Olates and Cylindrical
Shells, Dart I1, Sound Radiation of Olates, Cylinders and Complex
Vibrators", Ordnance Research Lab., Dennsylvania State University, 1965.

6. Baron, M. L., Mathews, A. T. and Bleich, H. H., "Forced Vibrations of
an Elastic Circular Cylindrical Body of Finite Length Submerged ir
an Acoustic Fluid", Tech. R,t. No. 1, June 1962.

7. Donnell, L. H., "Stability of Thin-Walled Tubes Under Torsion",
NACA Reoort No. 479, 1933.



17

t Pj

p1= Pi cos necoslZx, eis-
L

FIG. 1: GEOMETRY OF THE SINGLE SHELL



I OUTER FLUID

ps0 Esi

FIG. 2: CONCENTRIC SHELLS SEPARATED
BY AN ACOUSTIC MEDIUM
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to (g =0) pa/psh =4.0
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